This study investigates the photocatalytic degradation of acetaminophen (Ace) from synthetic wastewater by individual TiO 2 , TiO 2 /SiO 2 and/or WO 3 /TiO 2 /SiO 2 composite under UV-VIS illumination. To characterize changes in their morphology and crystal structures before and after treatment, Χ-ray diffraction (ΧRD), Fourier transform infrared spectroscopy (FTIR), DRS UV-VIS absorption spectra, Brunaer-Emmer-Teller (BET) and scanning electron microscopy (SEM) techniques were used. The effects of varying loading ratios of the WO 3 on the TiO 2 /SiO 2 composite for Ace degradation were studied. Operating parameters such as initial concentration, reaction time, dose of photocatalyst and pH were tested. Degradation by-products were also presented. It is found that the photodegradation performance of the WO 3 /TiO 2 /SiO 2 composite as a photocatalyst in this study could be enhanced by optimizing the loading ratio of the WO 3 .
Introduction
Pharmaceuticals and personal care products (PPCPs) such as therapeutic drugs, hormones and skin care products have attracted global environmental concerns in recent decades [1] [2] . With the improving living standards of people in recent years, the production and consumption of PPCPs has increased in China. As a result, a large amount of residual PPCPs is discharged into the aquatic environment, causing adverse impacts on the environment and public health [3] .
Among the various PPCPs, acetaminophen (Ace) is one of the widely used pain relief drugs.
The pollutant is often found in the municipal sewage effluents with varying trace concentrations in different parts of the world including the US, Greece and China [3] [4] [5] . Furthermore, Ace is toxic to living organisms because it cannot be completely metabolized in human body. Considering its potential risks when it accumulates through food chains, the pollutant has to be completely eliminated from wastewater.
In recent years, various technologies have been developed and tested in laboratory systems or pilot plants to remove various PPCPs from wastewater [6] [7] [8] . The use of semi-conductor composites as a photocatalyst in advanced oxidation process (AOP) has emerged as one of the most promising options due to the generation of hydroxyl radicals (·OH) [9] [10] [11] . The ·OH, with a high oxidation potential of 2.80 V (Reaction (1)), can indiscriminately react with target pollutants in solutions for a complete degradation.
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Page 5/27 Considering that the search for semi-conductor materials for water technology has intensified in recent years, to the best of our knowledge, so far none has reported the technical feasibility of the and scanning electron microscopy (SEM) techniques were used. The effects of different loading ratios of the WO 3 on the TiO 2 /SiO 2 composite for Ace photocatalytic degradation were studied.
Operational parameters such as initial concentration, reaction time, dose of photocatalyst and pH were investigated. Degradation by-products, resulting from the treatment, are also presented.
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A C C E P T E D M A N U S C R I P T Sigma-Aldrich (China). Other chemicals such as Ace (Table 1) were of analytical grade and supplied by Acros (New Jersey, USA). They were used as-received without further purification.
The initial pH of Ace solution was adjusted by 1.0 M NaOH and/or HCl and determined using a pHmeter (model Mettler FE 20, Switzerland). All of the standard solutions were freshly prepared from a stock solution using deionized (DI) water. 
Synthesis of photocatalysts
The TiO 2 /SiO 2 was synthesized based on the sol-gel method [26] . Initially, about 0.75 mL of TEOS was proportionally mixed with C 2 H 5 OH and deionized water, and then magnetically stirred
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Page 7/27 for 1 h. Afterward, a predetermined amount of HCl was added into the same solution and kept stirred for another 4 h. A separate solution of TBOT, C 2 H 5 OH and HCl was magnetically stirred for 5 h at the same time. Then, the TEOS and the TBOT mixture were combined and subsequently stirred for 3 h to complete a hydrolysis process. The required amounts of each component were dispersed to obtain a Si/Ti molar ratio of 1:9 after mixing.
A predetermined amount of Na 2 WO 4 , used as a precursor of the WO 3 , was added into the TiO 2 /SiO 2 solution and then vigorously stirred for 1 h to obtain 1, 3, 5 and 7% (w/w) of the WTS composites respectively. Then, the obtained mesophase was transferred into a chamber aging for 12 h. After calcination at 500℃ for 3 h, the samples were collected and cooled down at ambient temperature. All types of WTS composites were stored in a desiccator until required for further use.
The final products were denoted as 1WTS, 3WTS, 5WTS and 7WTS respectively, in which the first number corresponded to the weight ratios of the WO 3 in their composites.
Characterization of WO 3 /TiO 2 /SiO 2 composite
The Χ-ray powder diffraction (model Rigaku Ultima IV, Tokyo, Japan) method was recorded to measure the crystal structure of the composites in their powder form. It operated at 40 kV and 30 mA.
Varying diffraction angles (2θ) from 20° to 80° at a scanning speed of 10°/min were employed. The scanning electron microscope (model ZEISS SIGMA, Jena, Germany), which operated at 15 kV.
Photocatalytic degradation
Photodegradation of Ace using individual TiO 2 , TiO 2 /SiO 2 , and/or WTS composites was undertaken in a photoreactor (Fig. 1) . A full waveband xenon lamp with a power of 500 W coupled 
Chemical analysis of Ace
The remaining concentration of Ace after treatment was analyzed using a UV-VIS spectrophotometer (model Mapada UV1800, Shanghai, China) at its maximum absorption wavelength (λ=243 nm). The removal efficiency of Ace (%)) is defined as:
where C 0 and Ce represent the initial and the equilibrium Ace concentration, respectively.
Reuse of spent photocatalysts
In order to test its reusability and stability, regeneration studies were carried out using the same 3% (w/w) of the spent WTS. After being saturated, suspension was centrifuged, and the photocatalyst was separated from it. Afterwards, the residual photocatalyst was repeatedly washed for several times, dried at 80℃, then regenerated.
Statistical analysis
In order to ensure the accuracy and replicability of the obtained data, the same experiments were repeated at least in triplicate under the same operating conditions, and the average value of the data was presented. The coefficient of variation for the obtained data was less than 5%. If the relative error of the Ace removal rate exceeded 5%, an identical fourth run would be conducted until the error was within the acceptable range. All statistical tests were carried out using SPSS 19.0 (Window Version) with a confidence interval of 95%. Differences were considered statistically significant when p≤0.05. the transformation of the Ti from anatase to rutile phases, even though being calcined at 500℃ for 3 h. Nasirian et al. [28] found that a small amount of TiO 2 would be conversed to its rutile phase at 500℃. This result is in agreement with that of a study undertaken by Qourzal et al. [21] , who reported that the presence of silica prevented the transformation of TiO 2 from anatase to rutile phase.
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After depositing the WO 3 on the TiO 2 /SiO 2 , the peaks and intensity of the WTS composite were identical to those of the TiO 2 /SiO 2 , especially the 1WTS and the 3WTS since the WO 3 might have been incorporated into the lattices of TiO 2 in their composite [21] . When the loading ratio of the WO 3 reached 5%, the XRD patterns of the 5WTS and the 7WTS showed impurity peaks between the range of 25 0 and 40 0 . As a result, the excessive WO 3 could not enter into the lattices of the TiO 2 . FTIR studies were used to detect and identify functional groups of the composites before and after their incorporation with the SiO 2 and the WO 3 . As depicted in Fig. 3 , the band of the TiO 2 within 500-800 cm -1 corresponds to the Ti-O-Ti vibrations bonds [29] . The characteristic peaks at 3422 cm -1 both for the TiO 2 /SiO 2 and for the WTS are due to the stretching of the O-H bond of the absorbed water and the OH-groups of the composites [29] [30] .
FTIR spectra analysis
Compared to the as-received TiO 2 , the TiO 2 /SiO 2 composite shows a weak peak at 1059 cm -1 due to the asymmetric stretching frequency of the Si-O bond, while the peaks at 955 cm -1 for all the composites are associated with the asymmetric Si-O-Ti vibration. This confirms that the Si atom had been incorporated into the framework of Ti. These findings confirm those of the studies undertaken by Guo et al. [29] and Qourzal et al. [21] , who also demonstrated the Si-O-Ti vibration at the range of 930-960 cm -1 .
In addition, significant peaks for the WO 3 could not be observed until the weight ratio of the WO 3 reached 5%. The slightly absorption peak of the WO 3 at 800 cm -1 (Fig. 3 ) corresponds to the symmetric mode of W 6+ -O stretching vibrations [25] . This finding supports the studies undertaken by Ismail et al. [31] , who found that there were no WO 3 peaks until the molar ratio between WO 3 and TiO 2 reached 5%.
DRS UV-VIS spectra
To understand the efficiency of the obtained photocatalysts for the photodegradation of organic pollutants, it is essential to improve their visible light utilization. Fig. 4 presents the UV-VIS spectra of the TiO 2 , TiO 2 /SiO 2 and WTS composites. Previous reports suggested that no absorption was observed either in UV or in visible regions for the SiO 2 alone [27]. As compared to the pure TiO 2 , a noticeable shift of the absorption spectrum to a lower energy region was observed for the TiO 2 /SiO 2 , indicating an increase of the band-gap energy in the composite. This finding reaffirms the previous work done by Šuligoj et al. [20] , who reported that the incorporation of the SiO 2 into the TiO 2 increased its band-gap value, leading to a lower recombination of the charge carriers that contributed to an efficient degradation of the target pollutant.
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Brunaer-Emmer-Teller (BET) study
When the WO 3 was incorporated into the composite, the surface area of the WTS was slightly higher than that of the TiO 2 /SiO 2 . The increase in its surface area not only promoted photocatalytic activity, but also provided additional adsorption sites for the reactants [32] [33] .
However, the surface area of the WTS composites slightly decreased with the increase in their WO 3 content because an excessive WO 3 blocked the pore diameters, thus reducing the surface area of the composite.
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Page 16/27 (Fig. 5b) is relatively uneven, but agglomerated, providing a larger surface area for promoting the WO 3 adhesion [34] .
SEM analysis
In Fig. 5c -5f, all types of the WTS composites exhibited an agglomeration of particles on the surface of the bulk material. Fig. 5 shows that the density of the spherical particles in their surface increased with the increasing ratio of the WO 3 . The incorporation at different ratios of the WO 3 into the TiO 2 /SiO 2 did not damage the mesoporous structure of the TiO 2 /SiO 2 [31] .
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When the loading ratio of the WO 3 reached 7% (w/w), the overall surface of the TiO 2 /SiO 2 was covered by the WO 3 particles. Although the TiO 2 /SiO 2 composite with the WO 3 improved its surface coverage, this blocked the pores of the TiO 2 /SiO 2 , thus reducing the active sites for Ace adsorption and leading to its lower removal [35] .
Photocatalytic studies
Aqueous systems without light irradiation and/or photocatalysts
The photodegradation of Ace in the absence of both photocatalyst and UV-VIS light irradiation was undertaken. We found that the removal rate was negligible in this preliminary work. To investigate the effects of UV-VIS light irradiation on Ace degradation, blank experiments were carried out without using any photocatalyst. Only 6% of Ace with an initial concentration of 10 mg/L was achieved after 4 h of reaction under the UV-VIS irradiation.
Effects of varying WO 3 contents on the photodegradation efficiency
The WTS photocatalysts containing varying WO 3 loadings were tested for Ace photodegradation and its results are compared to that of the TiO 2 and the TiO 2 /SiO 2 under the same conditions. Fig. 6 presents an Ace photodegradation efficiency using all the obtained composites with an initial concentration of 10 mg/L. Under the same concentration of 10 mg/L, the Ace removal by the TiO 2 /SiO 2 composite (42%) was higher than that of the TiO 2 alone (33%). This suggests that the TiO 2 /SiO 2 was capable of utilizing the visible light more effectively than that of the pure TiO 2 , as reflected by the DRS UV-VIS analyses (Fig. 4) . In addition, the incorporation of the SiO 2 provided additional sites, as indicated by the SEM results [31] . This was attributed to the increasing surface area after being loaded with the WO 3 ( Table 2 ).
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In addition, the incorporation of the WO 3 in the composite promoted a higher affinity for chemical species with unpaired electrons due to Lewis acidity [31] . The results reveal that the removal rate of Ace significantly increased from 42% to 80% at the same Ace concentration of 10 mg/L upon the increasing WO 3 ratios to 3% (w/w). When the loading ratio of WO 3 reached 7%
(w/w), the removal rate of Ace decreased to 50%. Overall, the 3% (w/w) of WTS photocatalyst exhibited the highest photocatalytic activity among those composites.
The photodegradation rate of Ace during the photocatalytic reaction can be represented by the following pseudo-first order reaction: 
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Page 20/27 Among all the obtained photocatalysts, the 3% (w/w) of WTS composite presented the highest constant rate (0.70 h -1 ). This suggests that the photodegradation rate of Ace using 3% (w/w) WTS was faster than that using the TiO 2 , the TiO 2 /SiO 2 or the other WTS composites.
Effects of initial concentration on Ace photodegradation
An effective removal of target pollutants requires an optimum concentration during the photodegradation. Therefore, it is important to determine the optimum concentration of Ace. Fig. 8 presents an Ace removal efficiency (%) versus the degradation time with its varying concentrations from 5 to 25 mg/L. When the Ace concentration increased from 5 to 25 mg/L, the photodegradation rate of Ace decreased from 85% to 26%. Increasing the Ace concentration would accelerate the formation of the adsorption layer by the photocatalyst as reported by Kurniawan et al. [13] . As the initial concentration of Ace increased, the adsorption layer became thicker, thus preventing the photon from the UV-VIS light source from reaching the surface of the photocatalyst. As a result, the adsorption of Ace onto the surface of the photocatalyst was limited, thus lowering the removal of Ace.
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Effects of dosage of photocatalysts on Ace photodegradation
In order to study the effects of dose of photocatalyst on the Ace removal, a series of Ace photodegradation experiments was carried out by using 3% (w/w) of WTS at an Ace concentration of 5 mg/L. The experiments were performed at varying dosage from 0.3 g/L to 1.5 g/L.
A C C E P T E D M A N U S C R I P T
Page 22/27 Further increase in the dose of the photocatalyst beyond 1.5 g/L resulted in a decreasing Ace removal. This could be explained due to the fact that the interaction of the Ace molecules with the photocatalysts would aggregate into clusters when it is overdosed, thus decreasing the numbers of the active sites on the surface of the WTS composite and shielding the UV-VIS light from reaching the surface of the photocatalyst. Consequently, it reduced the generation of ·OH during the photocatalytic treatment [36] . Overall, 1.5 g/L was chosen as the optimum dose for Ace degradation.
However, the treated effluents still could not meet the increasingly strict requirements set by China and the US legislations of less than 0.2 mg/L in this study [37] .
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Effects of pH on the photocatalytic performance
Optimum pH in photodegradation reaction is important since this affects both the charge properties of the surface of photocatalyst and the electrostatic interactions between a photocatalyst and target pollutant [29, 38, 39] . The experiments were carried out at optimized conditions with varying pH from 3 to 11 (Fig. 10) . With the increasing pH, the Ace removal gradually increased and reached its maximum removal at pH 9 (95%) with an initial Ace concentration of 5 mg/L. When pH ranged between 6.5 and 9.5, the surface of the photocatalyst became negatively charged (with a pH zpc 6.4) [40] , promoting electrostatic attractions with the positively charged Ace molecules (with a pKa of 9.5) [41] . When the solution pH reached 11, the Ace removal slightly decreased to 80%. Since both the 3WTS composite and the Ace molecules were negatively charged, the photocatalyst was electrostatically repelled to the negatively charged Ace molecules, resulting in a lower Ace removal.
This result suggests that alkaline conditions are favorable for the photocatalytic degradation of Ace by the 3WTS composite.
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Proposed mechanisms and photodegradation pathways of Ace removal
·OH
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Reuse of spent WO 3 /TiO 2 /SiO 2 photocatalyst
Regeneration of a photocatalyst that enables it to maintain its photocatalytic activity for subsequent use without changing its original chemical structure is important for water technology. Fig. 13 presents the regeneration efficiency of the spent 3WTS (3% (w/w)).
The spent 3WTS still remained stable after being regenerated for four consecutive times without significant changes with respect to its removal capacities. As indicated in Fig. 11 , the photodegradation rate of Ace by the spent 3WTS was still 82% under the same concentration of 5 mg/L. This indicates that the 3% (w/w) of WTS photocatalyst was promising for practical applications. 
Comparison of photodegradation performance among various photocatalysts
In order to evaluate the photocatalytic performance of the WTS composite in this study, a comparative study is presented in terms of photocatalyst dosage (g/L), concentration (mg/L), light sources, pH and removal efficiency. Table 4 
